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We combined fractional anisotropy measures of fiber tract integrity derived from diffusion tensor imaging (DTI) and resting state fMRI data obtained at 3 Tesla from 20 healthy elderly subjects (56 to 83 years of age) to determine white matter microstructure underlying default mode connectivity. We hypothesized that the functional connectivity between the posterior cingulate and hippocampus from resting state fMRI data would be associated with the white matter microstructure in the cingulate bundle and fiber tracts connecting posterior cingulate gyrus with lateral temporal lobes, medial temporal lobes and precuneus. This was demonstrated at the p < 0.001 level using a voxel-based multivariate analysis of covariance (MANCOVA) approach. In addition, we used a data driven technique of joint independent component analysis (ICA) that uncovers spatial pattern that are linked across modalities. It revealed a pattern of white matter tracts including cingulate bundle and associated fiber tracts resembling the findings from the hypothesis-driven analysis and was linked to the pattern of default mode network (DMN) connectivity in the resting state fMRI data. Our findings support the notion that the functional connectivity between the posterior cingulate and hippocampus and the functional connectivity across the entire DMN is based on distinct pattern of anatomical connectivity within the cerebral white matter.
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Introduction:
Low frequency fluctuations of the BOLD signal in resting state functional magnetic resonance imaging (fMRI) exhibit a complex spatial structure (Cordes et al., 2001 ) that is believed to correspond to distinct networks which jointly characterize the baseline activity of the human brain (Fox et al., 2005; Hampson et al., 2002) . A characteristic set of brain regions, including posterior and anterior cingulate cortex and medial temporal lobes (Greicius et al., 2003b; Raichle et al., 2001) , is deactivated during a broad range of cognitive tasks and is believed to support a default mode activity of the human brain. The underling sources of the BOLD signal correlations are still a matter of debate (Chang et al., 2009; Murphy et al., 2009 ). The detection of a structural basis of the default mode network (DMN) would support a neuronal origin of this connectivity.
Cortical functional connectivity relies on direct and indirect fiber tract connectivity across the cerebral white matter. Fractional anisotropy (FA) derived from diffusion tensor imaging (DTI) provides access to fiber tract integrity in vivo (Stahl et al., 2007) . A previous study found significant correlations between connectivity of resting state signal within the grey matter and connectivity of fiber tracts within the white matter (Skudlarski et al., 2008 ), but could not distinguish between effects from different resting state networks. Two other studies showed that key regions of the DMN were directly connected by fiber tracts reconstructed from DTI (Greicius et al., 2008; van den Heuvel et al., 2008) . These studies, however, were restricted to only few regions.
Here, we combined resting state fMRI and DTI data in healthy elderly subjects to determine the underlying white matter microstructure of DMN connectivity. Extensive evidence from animal and human studies shows a close anatomical link between posterior cingulate and hippocampus (Insausti and Munoz, 2001; Lavenex et al., 2002; McIntosh et al., 1996; Suzuki and Amaral, 1994) , suggesting that they may be at the core of DMN connectivity. Based on this idea, we hypothesized that the correlation of the resting state
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4 signal between the posterior cingulate and hippocampus would be associated with the FA values of the white matter network connecting the regions of the DMN. The hypothesis was tested using multivariate analysis of variance approach (Teipel et al., 2007) . We used previously reported coordinates to derive the time activity curves of posterior cingulate and hippocampus without biasing the results in favor of the subjects under study. In addition, using a purely data driven approach we applied joint independent component analysis (ICA) to determine the common sources of the joint distribution of the fMRI and DTI data without a-priori assumptions on connected brain regions or fiber tracts Xu et al., 2008) . ICA allows accurate separation of the hidden sources from complex signals that arise from the linear mixture of statistically independent signal sources (Hyvarinen and Oja, 2000) .
We hypothesized that a distinct pattern of white matter fiber tract connectivity, including the cingulate bundle, underlies the functional connectivity within the DMN in the human brain.
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Materials and Methods
Subjects
We examined 20 healthy elderly right-handed subjects (mean age: 67.0 (SD 7.3) years, ranging from 56 to 83 years, 9 women). Subjects were recruited among spouses of patients with dementia attending the Memory Clinic at the University Munich, who had no subjective memory complaints and scored within one standard deviation of the age-and education adjusted means of the Mini-Mental-Status Examination (MMSE) (Folstein et al., 1975) , CERAD cognitive battery (Berres et al., 2000) , Clock-drawing-test (Shulman et al., 1986 ) and the trail-making test (Chen et al., 2000) . The mean MMSE score was 29, SD 0.65, ranging from 28 to 30. Subjects had on average 13.2 (SD 3.7) years of education.
The clinical assessment included detailed medical history, clinical, psychiatric, neurological and neuropsychological examinations, and laboratory tests (complete blood count, electrolytes, glucose, blood urea nitrogen, creatinine, liver-associated enzymes, cholesterol, HDL, triglycerides, serum B12, folate, thyroid function tests, coagulation, serum iron). Additionally, ApoE4 genotyping was performed.
Selection of subjects included a semiquantitative rating of T2-weighted MRI scans (Scheltens et al., 1993) . To exclude subjects with significant subcortical cerebrovascular lesions, only subjects were included which had no subcortical white matter hyperintensities exceeding 10 mm in diameter or 3 in number.
All subjects were only examined if they gave their written informed consent. 
DTI data processing
DTI data were preprocessed using the DTI toolbox of the FSL software (http://www.fmrib.ox.ac.uk/fsl/ written mainly by members of the Analysis Group, FMRIB,
Oxford, UK. Version 3.2). After correcting for susceptibility artifacts (Mangin et al., 2002) , from the 12 gradient directions and the unweighted scan we estimated the 3x3 diffusiontensor to extract eigenvalues and eigenvectors to determine fractional anisotropy maps (Teipel et al., 2007) . Additionally, mean diffusivity maps (MD) were obtained.
The spatial normalization of FA and MD maps was implemented within Matlab 7.6 (MathWorks, Natwick, Mass.) through Statistical Parametric Mapping (Friston et al., 1995a; Friston et al., 1995b ) (SPM 2, Wellcome Department of Imaging Neuroscience, London; available at http://www.fil.ion.ucl.ac.uk/spm), as described in a previous study (Teipel et al., 2007) .
In brief, we used low-dimensional normalization with a set of nonlinear basis functions (Ashburner and Friston, 2000; and high-dimensional normalization with symmetric priors (Ashburner et al., 1999) to normalize the anatomical MPRAGE scans into standard space. The low-and high-dimensional normalization parameters were sequentially applied to FA and MD maps that had been spatially coregistered using affine transformation to the anatomical MPRAGE scans in native space. This procedure resulted in FA and MD maps projected into standard space. The anatomical MPRAGE scans in standard space were segmented into CSF, grey matter, and white matter compartments using the SPM2 prior probability maps . We expected that the effects of fiber tracts related to DMN connectivity would predominantly be located in the cerebral white matter. Therefore, the data were masked for voxel outside the white matter to consider only effects in the white matter using the binarized anatomical white matter maps.
BOLD sensitive MRI data processing
Data were processed using FSL (FMRIB Software Library -http://www.fmrib.ox.ac.uk/fsl). The initial step was to delete the first 3 volumes of each scan to remove the initial T1 magnetic transients in the data. The remaining data were corrected
for motion effects (6-parameter rigid body), where the reference volume was in the center of the run.
The EPI scans were then registered to the anatomical scan of the same subject in standard space. The anatomical scan was transformed into MNI standard space using affine linear transformation. Both transformations were combined to transform the EPI scans into MNI standard space. The data were band-pass filtered (between 0.01 and 0.15 Hz) and smoothed (Gaussian filter at full width at half maximum = 5 x 5 x 5 mm 3 ).
Regions of interest
We defined regions of interest (ROI) to derive the time activity curve from selected brain regions. According to previous studies on the functional connectivity within the default mode network, we selected the left and right posterior cingulate gyrus. We extracted the time activity curve using a sphere ROI with radius 6 mm centered around the peak coordinate for the bilateral posterior cingulate gyrus of 2/-51/27 (x/y/z) according to the study by Greicius et al. (2003) (Greicius et al., 2003b) . For bilateral hippocampus we used an ROI centered around Talairach-Tournoux coordinates (-)31/-12/-16 (x/y/z) covering the anterior aspect of the hippocampus ROIO used by a previous study (Greicius et al., 2003a) . To include only grey matter areas into the ROIs, we masked the sphere ROIs by the grey matter map derived from the respective anatomical MRI scan in the MNI space using automatic segmentation based on a hidden Markov random field model and expectation maximization (Zhang et al., 2001 ).
Statistical analysis
Default mode network
We used two approaches to analyze the resting state fMRI data that have already been used in earlier studies: voxel-based univariate regression (effective connectivity type of approach) and independent component analysis.
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For the univariate approach, we used the time course of the signal within the posterior cingulate gyrus (averaged across both hemispheres) as independent predictor in a voxel-based regression controlling for signal within brain tissue as covariate. In the first level analysis, the regression was performed within subject with a cluster level threshold of z > 2.3, p < 0.05, corrected for multiple comparisons at the cluster level (Worsley et al., 2002) . In the second level analysis, we determined a mixed effects model where effects were thresholded at z > 2.3, p < 0.05, corrected for multiple comparisons on the cluster level (Beckmann et al., 2003) .
To increase the sensitivity of the analysis for detection of medial temporal lobe effects,
we determined a second model using a multivariate approach based on ICA. The preprocessed intensity normalized and smoothed (isotropic 5 mm Gaussian kernel) fMRI images were concatenated across subjects to form a single 4D image. The analysis was done using FSL melodic ICA software (www.fmrib.ox.ac.uk/fsl/ melodic/html) (Beckmann and Smith, 2004) .
ICA determines statistically independent non-Gaussian spatial components from the timeactivity signal. Previous studies have used ICA to identify low-frequency neuronal networks during resting state fMRI (Beckmann et al., 2005; Greicius et al., 2004) . The algorithm converged on 8 components. From those components the single component best representing the DMN was selected based on visual inspection. Based on a Gaussian/Gamma mixture model using a restricted expectation maximation algorithm we assigned significance to single voxels within the independent component maps (Beckmann et al., 2005) . To control the number of false positives, by thresholding the maps at p > 0.90 we identified those voxels where the probability to belong to the non-Gaussian active class of voxels was nine-times as high as the probability to belong to the Gaussian random noise class of voxels (Beckmann and Smith, 2004) .
Interaction of DTI with fMRI data
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To determine the interaction of resting state fMRI and DTI data, we employed two approaches. First, a multivariate analysis of variance (MANOVA) based on principal component analysis where the effects are driven by the functional connectivity between hippocampus and posterior cingulate. Second, an extension of a data driven ICA, where ICA is applied to two different imaging modalities in a single analysis Xu et al., 2008) .
Effects of functional connectivity on FA and MD maps
Within each single subject, the correlations between the time series derived from the posterior cingulate gyrus and hippocampus for the right and left hemisphere were used as measures of functional connectivity between these both core regions of the DMN. We determined the effect of the functional connectivity between both regions on FA and MD maps using multivariate network analysis based on principal component analysis, a method originally developed for activation PET studies by Friston et al. (Friston et al., 1996) , adapted to resting state PET data by Zuendorf et al. (Zuendorf et al., 2003) , and further extended to MRI and DTI data (Teipel et al., 2007a; Teipel et al., 2007b ). This approach is based on the notion that the brain is organized in highly correlated networks where the use of a multivariate analysis captures the common covariance between structurally or functionally connected brain areas.
The first step in the analysis is a principal component analysis to reduce the dimensionality of the data. In the second step, the principal components serve as dependent variables to determine the regression of the posterior cingulate hippocampus connectivity on FA and MD values. When the MANOVA yields a significant overall effect, then in the third step the PCA solution space is rotated according to the regression weight of the effect of interest (here:
posterior cingulate hippocampus connectivity), to identify the spatial component representing the effect of interest. This component is termed the canonical image or canonical vector. It
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Prior to principal component analysis, voxels from outside the white matter were removed from the spatially normalized FA and MD maps by means of a mask derived from the white matter maps of the anatomical MPRAGE scans. The masked FA maps were smoothed with a 12-mm FWHM Gaussian kernel. Images were scaled to the same mean value and standard deviation using a voxel-wise z-transformation.
The multivariate approach that was employed in this study has been adapted for DTI data based on the paper by (Friston et al., 1996) in an earlier study (Teipel et al., 2007) . We followed three subsequent steps that will only briefly be described in the following section.
For further details we refer to (Teipel et al., 2007) and (Friston et al., 1996) .
First, the high-dimensionally normalized FA and MD maps were subjected to principal component analysis.
Secondly, we determined the significance of the hypothesized effect of the functional connectivity between posterior cingulate gyrus and hippocampus on FA and MD values using multivariate analysis of covariance (MANCOVA). We employed a linear model with functional connectivity as independent predictor Thirdly, we characterized the spatial distribution of the effect using canonical variate analysis in terms of the canonical vector that best captured the effect of functional connectivity. To this end, we defined canonical images in the observation space such that the variance ratio between the effect of interest and the total error sum of squares was maximized.
Each canonical image has an associated canonical value that serves to estimate whether a particular canonical image is important. The canonical value can be compared to an F distribution with nominator degrees of freedom equal to the rank of the matrix of the effect of interest and denominator degrees of freedom equal to the number of scans minus the rank of the design matrix (= degrees of freedom of the error term). We considered a canonical image important if its canonical value exceeded the critical F threshold for p < 0.05.
Calculations were carried out using an algorithm written in MATLAB v. 7.6
(Mathworks, Newton, MA).
Joint independent component analysis of resting state fMRI and DTI data
To determine the association between DMN connectivity and white matter microstructure without a priori selection of correlated regions, we applied the newly published approach of joint ICA Xu et al., 2008) . ICA assumes that a given data distribution results from the linear mixing of a set of unknown sources of signal that can be estimated when the hidden signal sources are statistically independent and arise from some non-gaussian distribution. Joint ICA determines the hidden sources of a joint data distribution from different imaging modalities to uncover spatial pattern that are linked across modalities.
Analysis was performed using the joint ICA toolbox (JICAT v1.2a) implemented in Matlab 7.0 (available at http://icatb.sourceforge.net). Contrast images of the fMRI data for each subject were determined using posterior cingulate gyrus activity as regressor as described above using FSL. Spatially normalized and white matter masked FA maps were used for the DTI data. FMRI and DTI data were sampled to have a common voxel size (2.0 mm 3 ) and normalized to have the same average sum-of-squares (computed across all subjects and all voxels for each modality). The normalization step accounted for different ranges in signal intensities between fMRI and DTI data by preserving the scaling within modality, but normalizing units between modalities. FMRI and DTI data were combined in one data matrix that was subjected to ICA. Based on the previous ICA analysis of the fMRI data and the PCA of the DTI data, the algorithm was instructed to search for 8 components. Repetition, however, with a larger or smaller number of components (6 to 15) resulted in almost identical findings in respect to the DMN component. The independent component of the fMRI data A C C E P T E D M A N U S C R I P T
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Results
Default mode network
The regression of the posterior cingulate time series using the mixed-effects second level framework revealed the characteristic DMN pattern compromising posterior cingulate gyrus, precuneus, superior parietal lobules, anterior cingulate, medial prefrontal cortex, dorsolateral prefrontal cortex, infero-lateral temporal lobe, and thalamus ( Figure 1 , Table 1 ).
Medial temporal lobe areas were not included in this network. Using ICA, we found a more extended network including the previous areas but additionally compromising activated areas in the fusiform gyrus extending into parahippocampal gyrus and hippocampus, as well as middle occipital and lingual gyrus (Figure 2 ).
- Figures 1 and 2 and Table 1 (Tables 2 and 3 , Figure 3 ).
- Figure 3 and Tables 2 and 3 The mixing matrix describing the separation of the joint components of the DMN in the fMRI and DTI data was independent from age (r= -0.11, p = 0.66).
Discussion
We investigated the regional pattern of white matter microstructure underlying functional connectivity within the resting state DMN. Both a hypothesis-driven approach based on functional connectivity of posterior cingulate and a data driven ICA approach recovered the key regions of the DMN in the resting state fMRI data. When we regressed the functional connectivity between posterior cingulate and hippocampus on the FA maps of white matter microstructure we found distinct subcortical white matter areas matching the distribution of DMN components. Agreeing with and extending this finding, a purely data driven joint ICA across modalities revealed a distinct pattern of white matter tract integrity that was linked to the functional connectivity within the DMN.
Using linear regression, posterior cingulate gyrus BOLD activity was correlated with the activity in posterior cingulate, medial frontal and anterior cingulate gyrus, lateral temporal lobes and precuneus, replicating findings from earlier studies (Damoiseaux et al., 2006; Fransson, 2005; Greicius et al., 2003b; Raichle et al., 2001 ).
Consistent with this pattern, the ICA approach identified one single spatial component encompassing the key regions of the default mode network and extending into medial temporal lobe areas including hippocampus. Hippocampus is believed to be a key region of the default mode network (Greicius et al., 2004 ), but has not been recovered at 3 Tesla (Greicius et al., 2003b ) using an univariate approach, possibly due to susceptibility artifacts (Krasnow et al., 2003) . Our data suggest that an ICA approach is more powerful than univariate analysis to detect the involvement of the hippocampus at 3 Tesla, possibly related to the ability of ICA to separate different biological and non-biological sources of the signal.
The DMN component in our study closely resembled the spatial pattern reported in previous studies using multisubject ICA (Esposito et al., 2008; Greicius et al., 2004) , but was spatially more extended. The previous studies had combined the independent components from single subject data most resembling the DMN in a random effects analysis on the group level. The a
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18 priori selection of the template used to measure the fit between the component and the DMN will bias the selection of the component in each subject. This type of bias does not occur in the fixed effects type of analysis in our study where the volumes were concatenated across time for all subjects. To protect the analysis against false positives we chose a very conservative threshold for the posterior probability of a voxel not representing random correlation.
Comparing the wide-spread effects in our elderly subjects including medial temporal lobe areas with effects reported on younger subjects (Damoiseaux et al., 2006; Fransson, 2005; Greicius et al., 2003b; Greicius et al., 2004; Raichle et al., 2001) , our data suggest that in cognitively healthy elderly subjects the main components of the DMN are well preserved.
In a previous study, DMN connectivity was reduced in elderly compared to younger subjects with age accounting for about 19% of variation in the fit of individual independent components to a predefined DMN template (Esposito et al., 2008) . The main components, however, of the DMN had been preserved in the previous study, as well. Additionally, the authors had employed random effect type group ICA where the effect of age depended on the template used to select the independent components representing the DMN in each individual subject (Esposito et al., 2008) .
The main objective of our study was to determine the association between functional connectivity within the DMN and anatomical connectivity across the white matter. Using a MANCOVA approach we found that the functional connectivity between posterior cingulate and hippocampus (PCC-Hipp) was correlated with FA along subcortical fiber tracts directly connecting both brain regions. The spatial component reflecting the association of PCC-Hipp functional connectivity with the white matter microstructure included all posterior brain areas that have been associated with the DMN. In addition, consistent with the involvement of medial prefrontal and anterior cingulate cortex in the DMN, we found that the PCC-Hipp functional connectivity was associated with fiber tract integrity along the cingulate white
19 matter as well as with white matter areas directly connecting posterior cingulate and lateral temporal lobe areas, including middle and inferior temporal gyrus, as well as white matter areas extending from posterior cingulate gyrus to precuneus. Finally, we found associations of PCC-Hipp functional connectivity with white matter areas of the insula, and lingual, middle occipital and fusiform gyrus. All of these brain regions were involved in the independent component most closely representing the DMN in our subjects. Thus, although we used the functional connectivity of only two subregions of the DMN as regressor we uncovered large parts of the entire cingulate bundle and associated white matter tracts (Schmahmann et al., 2007) . This finding suggests that the DMN network changes as a single unit so that the functional connectivity of its subregions serves as a proxy for the functional connectivity within the entire network. Previous studies have suggested that the human brain is intrinsically organized into networks (Fox et al., 2005; Fox et al., 2009 ) which has been also found in monkeys (Vincent et al., 2007) . The detection of a distinct pattern of fiber tract connectivity suggests that DMN connectivity may be a reflection of a fundamental property of the organization of the human brain and not only of vascular components, as previously suggested (Birn et al., 2006) .
Our data agree with and extend previous reports on fiber tracts that were associated with DMN connectivity in resting state fMRI data (Greicius et al., 2008; van den Heuvel et al., 2008) . Greicius et al. (Greicius et al., 2008) performed fiber tracking between three seed points that represented peak coordinates of the resting state network. They found direct tracts from posterior cingulate gyrus to hippocampus and medial prefrontal cortex, but no tracts between hippocampus and medial prefrontal cortex. Similarly, van den Heuvel et al. (van den Heuvel et al., 2008) used an ROI-approach, where the FA values were averaged across a fiber tract detected between few peak regions of the DMN. These studies supported anatomical evidence from primate studies that key regions of the DMN have direct anatomical connections. Our study differs from these earlier studies in three important aspects. First, we
20 defined the coordinates of the regions of interest from an independent sample reported in the literature (Greicius et al., 2003b) to avoid circular conclusions where the detection of an effect at a specific location drives the selection of this location to detect an effect. Secondly, we used a statistical approach to assess whether the degree of functional connectivity within the DMN correlates with the integrity of white matter microstructure. Thirdly, we considered not only few peak regions but regressed the PCC-Hipp functional connectivity on the entire cerebral white matter microstructure.
The spatial distribution of decreased MD with higher connectivity was similar to the spatial distribution of increased FA with higher connectivity, but there were also differences.
Similar to the FA maps, there were fiber tract areas connecting hippocampus and posterior cingulate in both hemispheres, as well as fiber tracts connecting posterior cingulate with precuneus and anterior cingulate. With MD, however, effects were more pronounced in the anterior cingulate compared to FA, whereas with FA, there were stronger effects for fiber tracts projecting into superior parietal lobe areas. Both microstructural features, however, captured fiber tracts connecting essential parts of the default mode network. FA represents the anisotropy within the fiber system related to the directionality of fiber tracts, whereas MD represents the overall diffusivity representing loss of fiber tract directionality. The less specific regional pattern of MD compared to FA, however, suggests that FA is the more specific microstructural marker to detect fiber tract integrity underlying neuronal network connectivity.
To confirm our findings using a purely data driven approach, we applied the technique of joint ICA (Calhoun et al., 2006) . This approach decomposes two features (here fMRI and DTI), both collected on every individual, into a joint set of components that represent maximally spatially independent components. We found a single pattern of grey matter regions representing the DMN as well as an associated single pattern of white matter microstructure that connected all key regions of the DMN including cingulate bundle with
21 connections into medial prefrontal lobes and anterior cingulate gyrus as well as direct connections between posterior cingulate gyrus and precuneus, lateral and medial temporal lobes. Comparing the white matter tracts recovered using MANCOVA with the tracts recovered by joint ICA, both approaches converged in the posterior brain areas. The joint ICA approach, however, showed additional white matter areas projecting onto the superior longitudinal fasciculus, connecting medial and lateral prefrontal lobe regions with lateral temporal lobes, onto the arcuate bundle, connecting lateral prefrontal with superior temporal lobe areas (Schmahmann et al., 2007) , and onto corpus callosum splenium, connecting association areas of posterior temporal and parietal lobes (De Lacoste et al., 1985) .
Additionally, the ICA approach showed white matter areas in the internal capsule extending to thalamus, midbrain and cerebellum. This finding agrees with the involvement of the thalamus and the cerebellum in DMN connectivity (Greicius et al., 2007; Marchand et al., 2007) .
The wider extension of the findings in the ICA approach is not unexpected, as the MANCOVA was driven by posterior cingulate and hippocampus connectivity that may be stronger associated with anterior cingulate and parietal lobe brain areas than with prefrontal lobe areas (Wakana et al., 2004) . In contrast, the joint ICA approach was driven by the entire DMN and therefore was able to detect besides others the whiter matter connections into the prefrontal lobes. To our knowledge this is the first time that joint ICA has been applied to combined resting state fMRI and DTI data. The convergent results with the MANCOVA approach support the use of joint ICA.
There are potential limitations to be discussed with our study. First, aging has been associated with both, reduced connectivity within the DMN (Esposito et al., 2008) and reduced subcortical fractional anisotropy (Zhang et al., 2008) . After controlling for age, however, our findings remained essentially unchanged, supporting the specificity of the
22 effects for underlying regional networks and not for an effect of age on both functional connectivity and fiber tract integrity.
Second, the analysis of the FA maps relies on the normalization of the data into standard space based on the anatomical scans. A critical step in this procedure is the affine coregistration between the FA maps and the anatomical scans in native space. As DTI sequences are prone to susceptibility related distortions, in our experience the fit between a DTI sequence and anatomical scans is most difficult for frontal lobe areas, specifically fronto-basal areas. By employing parallel imaging at 3 Tesla, we could considerably reduce distortion related artefacts in our acquisitions as described in a previous paper (Stahl et al., 2007) . The fit of the FA maps with the anatomical scans was excellent by visual inspection, even the frontal lobes showed a very close fit (figures S1 and S2, supplementary material). However, an effect on residual distortions can not be excluded within the framework of the method.
Third, the selection for the smoothing kernel of the FA maps remains arbitrary, but could affect the findings of a study. To assess this effect in our study, we repeated the analysis after smoothing with an 8 mm, instead of a 12 mm FWHM Gaussian kernel. The findings remained essentially unchanged, the spatial distribution of the effects of the analysis after 8 mm smoothing were almost entirely contained within the spatial distribution of the effects after 12 mm smoothing ( figure S3, supplementary material) .
Finally, the selection of the masking procedure of the FA and MD maps may have had an influence on the findings. To assess this effect, we determined the effect of HIPP-PC connectivity on the segmented white matter maps that were used to mask the FA and MD maps for tissue outside the white matter. We subjected these maps to an analogous PCA as the FA and MD maps after smoothing with a 12 mm FWHM Gaussian kernel. The white matter maps were not binarized in this analysis, but the intensity at each voxel represented the probability of this voxel to belong to the cerebral white matter. There was a significant effect of bilateral PC-HIPP connectivity on white matter (p < 0.01), however, there was almost no overlap between the effect on the white matter and the effect on FA or MD (figures S4 and S5, supplementary material). The effects on white matter were much more widespread and less specifically distributed throughout the white matter. These findings suggest that the segmentation does not account for the effects of PC-HIPP connectivity on FA maps, and that FA is a more specific measure of white matter microstructural integrity than segmented white matter density.
In summary, the pattern of DMN functional connectivity was significantly associated with a consistent pattern of white matter microstructure in cingulate bundle and associated fiber tracts both in multivariate statistical analysis and purely data driven detection of hidden signal sources. Therefore, extending earlier evidence from ROI-based analyses our data suggest that DMN connectivity is based on a distinct pattern of fiber tract connectivity in healthy elderly subjects. In addition, we introduced a new approach of analyzing the functional and structural networks underlying the DMN. It will be the goal of subsequent studies to determine the association between functional and structural connectivity within the DMN in neurodegenerative disorders known to impair intracortical connectivity. Red arrows point to the cingulate white matter, green arrows point to fiber tracts connecting posterior cingulate and hippocampus/parahippocampal gyrus. A C C E P T E D M A N U S C R I P T 
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